Background-We determined the effects of levosimendan, a calcium sensitizer, on left ventricular (LV) diastolic function in patients with LV hypertrophy. Methods and Results-In this prospective, randomized, blinded study, 23 patients received either levosimendan (0.1 and 0.2 g · kg Ϫ1 · min Ϫ1 ; nϭ12) or placebo (nϭ11) after aortic valve replacement for aortic stenosis. The effects on LV performance, dimensions, filling patterns, and isovolumic relaxation time, as well as systemic hemodynamics, were assessed by pulmonary artery thermodilution catheterization and transesophageal 2-dimensional Doppler echocardiography.
L evosimendan offers new therapeutic possibilities in patients with severe heart failure because of its combined inotropic and vasodilatory effects. 1 This drug enhances myocardial contractility through myofilament calcium sensitization by binding to troponin-C in a calcium concentrationdependent manner and induces peripheral and coronary vasodilation by opening ATP-sensitive potassium channels. 2, 3 
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Left ventricular (LV) systolic dysfunction often is accompanied by impaired LV relaxation, 4 and increased sensitivity to calcium during diastole would further impede relaxation of the heart and worsen diastolic dysfunction. The effects of calcium sensitizers on myocardial relaxation and diastolic function in humans, however, are incompletely understood. In vitro studies have shown that calcium sensitizers (EMD 57033, ORG 30029) may impair myocardial relaxation and elevate diastolic tension in failing human myocardium, 5 whereas levosimendan, on the other hand, has been shown to improve both systolic and diastolic function of cardiac muscle preparations from end-stage failing human hearts. 6 Furthermore, it has recently been suggested that levosimendan improves Doppler echocardiographic variables of LV diastolic function both in patients with severe heart failure 7, 8 and in patients with acute myocardial infarction. 9 These findings, however, should be interpreted with caution because these Doppler echocardiographic indexes are preload, afterload, and heart rate dependent. 10 -12 Because of the well-known effects of levosimendan on preload, afterload, and heart rate, 1 it is difficult to evaluate the potential direct effect of levosimendan on LV early relaxation, ie, the lusitropic effect, because the positive chronotropic and vasodilatory effects of levosimendan affect the Doppler echocardiographic indexes used to evaluate early LV relaxation to a great extent.
In the present randomized, blinded, placebo-controlled study, we evaluated the effects of levosimendan versus placebo on LV early relaxation in patients with LV hypertrophy and maintained systolic function in patients undergoing aortic valve surgery for severe aortic stenosis. In the operating room, after valve replacement, LV performance, dimensions, and filling pattern, as well as systemic hemodynamics, were assessed by transesophageal 2-dimensional Doppler echocardiography and pulmonary artery catheterization. To circumvent the confounding effects of the levosimendaninduced hemodynamic changes on Doppler echocardiographic indexes of LV early relaxation, heart rate, preload, and afterload were kept constant by atrial pacing, by blood volume expansion with colloids, and by phenylephrine-induced vasoconstriction, respectively. We hypothesized that levosimendan improves LV early relaxation in patients with LV hypertrophy and diastolic dysfunction.
Methods

Patients
The local ethics committee of the medical faculty of Göteborg University approved the study protocol. After informed consent was obtained, a randomized, prospective, blinded, placebo-controlled study was performed involving 23 consecutive symptomatic patients with aortic stenosis scheduled for aortic valve replacement or aortic valve replacement plus coronary artery bypass grafting. Inclusion criteria were (1) aortic valve area Ͻ1 cm 2 estimated by the continuity equation, a mean aortic valve pressure gradient Ͼ50 mm Hg; (2) preoperative ejection fraction of Ͼ50%; (3) LV septal wall thickness Ͼ11 mm; (4) less than moderate aortic insufficiency; (5) coronary artery disease as a secondary finding on routine cardiac catheterization; (6) sinus rhythm before and after cardiopulmonary bypass (CPB); and (7) uncomplicated weaning from CPB with no need for inotropic support. Patients with previously documented coexisting valve disease such as moderate mitral or mild tricuspid insufficiency or aortic subvalvular LV outflow tract obstruction were excluded from the study. Inclusion and exclusion criteria were confirmed by initial intraoperative transesophageal echocardiographic evaluation.
Anesthesia
The patients were premedicated with flunitrazepam (0.5 to 1 mg) orally and morphine (5 to 10 mg) and scopolamine (0.2 to 0.4 mg) subcutaneously. ␤-Adrenergic blockers were continued during the perioperative period, including the morning of surgery. Anesthesia was induced with thiopental (1 to 3 mg/kg) and fentanyl (5 to 10 g /kg). Tracheal intubation was facilitated with pancuronium (0.1 mg/kg). Before and after CPB, anesthesia was maintained with sevoflurane in oxygen/air with an FIO 2 necessary to keep P a O 2 Ͼ20 kPa. During CPB, a continuous infusion of propofol was administered. Ventilation was volume controlled to maintain P a CO 2 between 4.0 and 5.0 kPa. Intraoperative hypotension was treated with fluids, phenylephrine infusion, or both, and hypertension was treated with sodium nitroprusside infusion. Target mean arterial blood pressure during CPB was 50 to 90 mm Hg. Hemoglobin was kept at Ͼ10g/dL by infusion of erythrocyte-enriched blood products when necessary.
Surgery
CPB was performed with a COBE Duo membrane oxygenator (COBE, Arvada, Colo) after administration of heparin (300 U/kg). The activated clotting time was maintained at Ͼ400 seconds. The circuit was primed with 1500 mL Ringer's solution and 200 mL mannitol (15%), and a nonpulsatile flow of 2.4 L · min Ϫ1 · m Ϫ2 was used. Hypothermia (32°C to 34°C) and cold hyperkalemic blood cardioplegia were used during CPB. The cross-clamp was removed, and coronary perfusion was reestablished. After rewarming (36.5°C to 37°C), the CPB was discontinued. No inotropic drugs were administered prophylactically during weaning from the CPB. The heparin effect was reversed with protamine sulfate until normal activated clotting time values were achieved.
Hemodynamic Measurements
Arterial blood pressure was monitored with a femoral artery catheter. After induction of anesthesia, a pulmonary artery thermodilution catheter (131HF7, TD Baxter Healthcare Corp, Irvine, Calif) was inserted through the right internal jugular vein into the pulmonary artery. Continuous recordings of heart rate and systolic, diastolic, and mean arterial pressures, together with systolic, diastolic, mean pulmonary artery, and central venous pressures, were performed. Thermodilution cardiac output in triplicate and pulmonary capillary wedge pressure measurements were performed at each measuring point. Stroke volume, stroke work, systemic vascular resistance, and pulmonary vascular resistance were calculated and indexed to the patient's body surface area.
Two-Dimensional Echocardiography
A multiplane transesophageal echocardiographic transducer (ACUSON, ACUSON Corp, Mountain View, Calif) was used, together with a Sequoia echocardiography system (Sequoia c256, ACUSON Corp). Using the midpapillary short-axis image of the left ventricle, we outlined the LV endocardial border in end systole and end diastole and calculated LV end-systolic and end-diastolic areas, together with area ejection fraction (AEF). End-systolic and end-diastolic areas were indexed to the patient's body surface area (ESAI and EDAI, respectively). Images were stored on magneto-optical disks and later transferred to a computer system (EchoPac PC Dimension version 4.0.x., GE Medical Systems, Milwaukee, Wis) for offline analysis.
Mitral Doppler Measurements
After completion of the LV short-axis measurements, the transducer was withdrawn until a long-axis image was obtained in the midesophageal 4-chamber view. A pulsed Doppler line was positioned with the measuring caliper at the tips of the mitral leaflets and adjusted to be as parallel as possible to the mitral flow. The Doppler flow profiles were recorded on magneto-optical disk. These flow profiles were later transferred to a computer and evaluated with a digitizing tablet by means of a PC-based analysis system (Echo Pac PC Dimension version 4.0.x.). Three consecutive beats were digitized, and their mean values were used for analysis. The following variables were derived from the mitral Doppler tracings: peak early diastolic and peak late diastolic filling velocities (E-max and A-max, respectively), deceleration rate (E-dec slope), and deceleration time (E-dec time) of early diastolic filling. The ratio of E-max to A-max (E/A) was calculated.
Isovolumic relaxation time (IVRT), which is the interval between closure of the aortic valve and opening of the mitral valve, was measured by first positioning the Doppler sample volume at the tips of the mitral leaflets (midesophageal 4-chamber view) to measure the time distance from the R wave of the ECG to the beginning of the E wave, t E . Thereafter, the Doppler sample volume was positioned at the aortic valve (midesophageal aortic valve short-axis view) to measure the time distance from the R wave to the aortic valve closure, t A . IVRT was calculated by subtracting t A from t E (Figure 1 ). Isovolumic contraction time (IVCT) was measured as the time distance from the R wave to the aortic valve opening.
Experimental Protocol
The experimental procedure was performed in the operating room after completion of surgery. The patient was positioned in the supine position and sedated with sevoflurane at an end-tidal concentration of 1%. All patients had sinus rhythm and were subjected to atrial pacing by external pacemaker wires to establish a constant heart rate, 5% to 10% over baseline, during the entire experimental procedure. Two baseline measurements of hemodynamic and echocardiographic data were obtained and immediately followed by infusion of placebo or levosimendan (0.05 mg/mL) at 2 infusion rates: 0.1 g · kg Ϫ1 · min Ϫ1 (dose 1) and 0.2 g · kg Ϫ1 · min Ϫ1 (dose 2) after initial loading doses of 12 g/kg. The loading doses of levosimendan were given over 10 minutes, followed by a continuous intravenous infusion for 20 minutes.
The placebo group received equivalent volumes of isotonic saline as initial loading doses followed by a continuous infusion of isotonic saline at rates equal to that of the study group. The investigators were blinded to the treatment (levosimendan or placebo) the patient was to receive. Mean arterial pressure was kept constant by infusion of a vasopressor (phenylephrine); central venous pressure was kept constant by infusion of hetastarch (Voluven, Fresenius Kabi, Bad Homburg, Germany). Measurements were performed at the end of each 30-minute treatment period during brief periods of apnea. One investigator obtained echocardiographic data while another performed hemodynamic measurements.
Statistical Analysis
Demographic, presurgical, and surgical variables and baseline data were compared using Student's unpaired t test or Fisher's exact test when appropriate. The reproducibility of the echocardiographic measurements (baseline 1 and baseline 2) was assessed from the 2 baseline recordings according to Bland and Altman. 13 The differential effects of the study drugs (levosimendan or placebo) were evaluated by 2-way ANOVA for repeated measurements on baseline, dose 1, and dose 2 data. A value of PϽ0.01 was considered statistically significant. Data are presented as meanϮSEM.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Twenty-six patients scheduled for elective aortic valve replacement for aortic stenosis were enrolled and randomized to 1 of the 2 study groups. Three patients were excluded because of bleeding in the immediate postoperative period, 1 in the levosimendan group and 2 in the placebo group. Patient characteristics, preoperative Doppler echocardiography findings, patient presentation, preoperative medications and surgical data, CPB time, and aortic cross-clamp time are presented in Table 1 . There were no differences between groups regarding the variables presented in Table 1 . After separation from CPB, transesophageal echocardiography revealed normal prosthetic valve function and no evidence of abnormal flow velocities or LV outflow obstruction for all patients, with or without the administration of levosimendan.
The infusion rates of phenylephrine at baseline and the 2 infusion rates (dose 1 and dose 2) were 0.052Ϯ0.021, 0.26Ϯ0.081, and 0.26Ϯ0.076 g · kg Ϫ1 · min Ϫ1 , respectively, for the levosimendan group. Corresponding infusion rates for the placebo group were 0.017Ϯ0.012, 0.101Ϯ0.082, and 0.112Ϯ0.091 g · kg Ϫ1 · min Ϫ1 .
Pulmonary and Systemic Hemodynamics
Baseline hemodynamic data were similar for both groups ( Table 2 ). In the levosimendan group, a dose-dependent significant increase in mean pulmonary artery pressure, cardiac index, and stroke volume index and a dose-dependent significant decrease in systemic vascular resistance index were observed compared with placebo, whereas there were no significant differences in systolic arterial, diastolic arterial, pulmonary capillary wedge, central venous pressure, or pulmonary vascular resistance index between the 2 groups.
Two-Dimensional Echocardiographic Variable of the LV
Baseline EDAI, ESAI, and AEF were similar for both groups (Table 3 ). There was a trend for an increase in AEF in the levosimendan group compared with placebo (Pϭ0.058), whereas there were no differences in EDAI or ESAI between the 2 groups.
Mitral Doppler Echocardiographic Variables, IVRT, and IVCT
At baseline, E-dec slope, E-dec time, E-max, A-max, E/A ratio, IVRT, and IVCT were similar for both groups (Table  4 ). In the levosimendan group, dose-dependent increases in E-max, A-max, and E-dec slope were noted, whereas there was a trend for a decrease in E-dec time (Pϭ0.06) compared with placebo. There was no difference in E/A between groups. IVRT decreased dose dependently with levosimendan compared with placebo ( Figure 2 ). There was a trend (Pϭ0.015) for a decrease in IVCT with levosimendan.
There was good reproducibility for repeated estimation of EDAI, ESAI, AEF, E-dec slope, E-dec time, E-max, A-max, E/A, and IVRT. The mean difference between 2 measurements (bias), the SD of the differences, the error (double SD divided by the mean of the repeated measurements), and limits of agreement are shown in Table 5 .
Discussion
In the present study, the effects of incremental infusion rates of levosimendan on LV relaxation and systolic performance were studied immediately after aortic valve replacement for aortic stenosis during controlled and maintained preload, afterload, and heart rate conditions. The main findings were that the beneficial effect of levosimendan on systolic performance was accompanied by an improvement in LV relaxation; that is, levosimendan has a positive lusitropic effect in patients with LV hypertrophy.
The effects of levosimendan on Doppler echocardiographic indexes of LV relaxation have previously been studied in patients with severe heart failure. 7, 8 Thus, it was shown that levosimendan increased the LV IVRT and the E-dec time and decreased the E/A ratio. This reversal of the restrictive LV filling pattern into a "pseudonormal" filling pattern was interpreted as an improvement in LV diastolic function by levosimendan. However, the levosimendan-induced 30% decrease in left atrial pressure might explain the prolongation of the IVRT, as well as the decrease in E/A ratio and the increase in deceleration time, without implying a positive lusitropic effect of levosimendan in their studies. Furthermore, the well-known positive chronotropic effect of levosimendan 1 also might contribute to the decrease in E/A ratio seen in patients with heart failure because a negative linear relationship between heart rate and the E/A ratio has been described. 11, 12 In a recent Doppler echocardiographic study of patients with acute myocardial infarction, it was shown that 24-hour administration of levosimendan after primary angioplasty decreased the IVRT, which was interpreted as an improvement in diastolic function. 9 The E/A ratio increased to the same extent in both the levosimendan and placebo groups. Data on LV filling pressures were not presented, and no interventions were performed to maintain heart rate and cardiac loading conditions constant, making it difficult to distinguish the direct lusitropic effects of levosimendan from the chronotropic and vasodilatory effects of the drug on the Doppler echocardiographic variables. The pronounced increase in the E/A ratio in the placebo group after angioplasty suggests that the primary angioplasty procedure itself might have improved the diastolic function in these patients.
LV relaxation, an important element of diastolic function, is an energy-dependent process involving the removal of Ca 2ϩ from troponin-C, followed by the dissociation of actin and myosin cross bridges, thus allowing the myofibrils to relax and to return to their original end-diastolic length. 14 LV relaxation is classically evaluated by the exponential time constant of isovolumic relaxation (), requiring cardiac catheterization to measure LV pressure. IVRT, a commonly used noninvasive variable of LV relaxation, 15 is regarded as a reflection of . Thus, a direct correlation between IVRT and has been described. 16 -18 IVRT, however, is affected by both aortic 15 and left atrial pressures. 16 In an experimental study, Thomas et al 10 found that IVRT has a predictable quantitative relationship to and to left atrial and aortic pressures. IVRT was directly related to and aortic pressure and inversely related to left atrial pressure. In the present study, our goal was to study the potential direct effects of levosimendan on LV early relaxation, assessed by changes in IVRT. We therefore maintained aortic pressure and left atrial pressure at a constant level during the experimental procedure by colloid and vasopressor infusions. The evolution of arterial pressure and left atrial pressure was not significantly different between the 2 groups, suggesting that the 23% reduction in IVRT by the highest dose of levosimendan was caused by a more rapid isovolumic relaxation. Thus, in addition to the positive inotropic effect, levosimendan exerts a positive lusitropic effect in patients with LV hypertrophy and maintained systolic function.
IVRT is defined as the time distance between aortic valve closure (end systole) and mitral valve opening. One limitation of the present study was that aortic/LV end-systolic pressure was not measured. Instead, mean aortic pressure was used as a surrogate for LV end-systolic pressure and controlled by phenylephrine infusion. We therefore cannot completely exclude the possibility that LV end-systolic pressure might have been decreased by levosimendan, which to some extent could have contributed to the fall in IVRT.
Diastolic dysfunction with impaired LV relaxation and decreased LV chamber compliance is commonly seen in patients with severe aortic stenosis. 19 In addition, the ischemia-reperfusion injury after cardiac surgery and CPB might have further impaired diastolic function in the present study. Postoperatively and before drug administration, the transmitral blood flow velocity profile showed a "pseudonormalized pattern" with an E/A ratio Ͼ1, normal to moderately elevated E-dec time, and IVRT. 20, 21 This, combined with higher-thannormal filling pressures and LV concentric hypertrophy with reduced LV end-diastolic dimensions, 22, 23 indicates that a moderate stage of LV diastolic dysfunction with a decreased LV chamber compliance was present in our patients. Levosimendan, in contrast to placebo, shortened IVRT and decreased E-dec time and E-dec slope (made it steeper), most likely through a more rapid and pronounced LV relaxation, causing a shorter time for equilibration of left atrial and LV pressures and improved early filling of the LV. Filling of the LV in late diastole caused by atrial contraction (A-max) also was increased, which could be explained by a levosimendaninduced improved contractility of the left atrium. Despite the improved LV relaxation caused by levosimendan with improved LV filling, this positive lusitropic effect was not translated into an improvement in the LV end-diastolic pressure-area relationship. The LV end-diastolic area index was not increased with levosimendan compared with placebo at maintained LV filling pressures.
In light of the impaired relaxation seen in patients with LV hypertrophy, one would have expected that enhanced calcium sensitivity might have negative effects because increased sensitivity to calcium would further hinder relaxation of the heart, worsening diastolic dysfunction. Indeed, it has been shown that calcium sensitizers prolong relaxation time and impair diastolic function. 5, 24 Levosimendan, on the other hand, does not prolong relaxation time. 25 Unlike other calcium sensitizers, levosimendan acts through direct binding with troponin-C, selectively increasing the affinity of troponin-C for calcium in a concentration-dependent manner. 26 It thus binds to troponin-C at high systolic intracellular calcium concentration and detaches from it at low diastolic concentration. An absence of calcium sensitization under low prevailing calcium concentrations during diastole would be of critical importance to prevent a worsening of heart failure. The mechanism responsible for the improvement of diastolic function, previously described in experimental in vitro studies 5, 6 and demonstrated in the present study, is less understood. It has been shown that levosimendan also exerts a selective inhibition of phosphodiesterase-⌱⌱⌱ activity, particularly in human myocytes, 27, 28 which could explain the positive lusitropic effect, especially at higher concentrations. 29 One could argue that the improved LV early filling seen with levosimendan could be caused by the generation of LV intraventricular restoring forces resulting from the levosimendan-induced increase in inotropy. It has been shown in animals with structurally normal hearts that when the LV contracts, the chamber may be compressed, generating restoring forces during systole, which allows filling to occur at lower-than-normal pressures. 30 Their magnitude is inversely related to the end-systolic volume and occurs at low LV end-diastolic pressures (Ϸ5 mm Hg). 30 We cannot completely rule out the possibility that the levosimendan-induced increase in LV filling is caused by the generation of restoring forces, particularly because stroke volume and LV AEF increased with levosimendan. However, we consider this mechanism less likely because LV filling pressures (pulmonary capillary wedge pressure) were within the range of 12 to 15 mm Hg in both groups in the present study and because neither pulmonary capillary wedge pressure nor ESAI differed significantly between groups.
In a recent randomized controlled trial, Maslow et al 31 assessed the effects of epinephrine and milrinone on biventricular systolic and diastolic function after aortic valve replacement for aortic stenosis. According to their Doppler findings, both epinephrine and milrinone improved right and left ventricular function, whereas neither of the inotropic agents differed from placebo with respect to IVRT or early filling of the LV. The interpretation of their findings could be that milrinone and epinephrine have less obvious lusitropic effects in this situation, in contrast to the effects of levosimendan described in the present study, or that the potential beneficial effects of the epinephrine or milrinone on Doppler echocardiographic variables of LV diastolic function were obscured by the fact that no measures were taken to control heart rate or loading conditions in their study.
The use of inotropes or vasodilators to treat patients with aortic stenosis after aortic valve replacement is controversial because it may induce LV outflow obstruction. 32 Maslow et al 31 also evaluated the risk of LV outflow obstruction caused by epinephrine and milrinone stimulation and found no evidence of abnormal flow velocity profiles or LV outflow obstruction in any of the patients. 31 Their findings were confirmed by data from the present study showing no signs of levosimendan-induced LV outflow obstruction.
In this Doppler echocardiographic and hemodynamic study of patients undergoing valve replacement for aortic stenosis, we have shown that levosimendan shortens LV IVRT and improves LV filling early after valve replacement. We conclude that levosimendan, in addition to its inotropic effects, exerts a direct positive lusitropic effect in patients with LV hypertrophy.
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